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Abstract: 
The Tripoli Fm, which was described for the first time in Sicily, is thought to be 
deposited under anoxic conditions that led to the preservation of large quantities of 
organic matter. For that reason a special interest towards this formation has been 
aroused in order to investigate its properties as a possible source rock.  
On these backgrounds, and given the scarcity of studies on the oil potential of the 
Tripoli Fm, this study aims to characterize this organic-rich formation from a 
geochemical and petrological point of view. 
 
Additionally, as Tripoli Fm equivalents have been discovered all over the periphery of 
Mediterranean Sea, a widespread deposition of these deposits can be assumed in the 
whole Mediterranean Sea. However, the uncertainty in knowing if these organic-rich 
facies were deposited not only in peripheral basins, but also in the central basins is still 
nowadays an unanswered question. Therefore, the objective of establishing possible 
relationships between onshore and offshore Mediterranean sediments is considered as 
well.  
 
The Tripoli Fm is assumed to be deposited from late Tortonian to Early Messinian 
times, until its continentalization due to the closure of the Rifian corridor, (Gibraltar 
Strait nowadays), and the subsequent Messinian Salinity Crisis. The chosen scenario for 
this thesis is the SE of Spain, in which outcrops of the Tripoli Fm equivalents are most 
accessible. Therefore, samples collected in the basins of Níjar (Almeria), Lorca 
(Murcia) and Híjar (Albacete), are analyzed with Rock-Eval pyrolysis, fluorescence and 
electron microscopy, and X-ray diffraction.  
 
The organic matter of the equivalent SE Spain deposits to Tripoli Fm has been 
characterized as immature, with Tmax values around 400ºC. The total organic carbon 
(TOC) content up to 20 % and the high oil potential (S2) up to 180 mg HC/g of rock, 
indicate an excellent potential source rock. The hydrogen index (HI) suggests a type I-S 
to II-S kerogen with high sulphur content associated to organic matter of bacterial or 
amorphous origin. These data together with the presence of marine organisms (diatoms, 
foraminifera), suggest that the SE Spain basins were subjected to episodical connections 
with the open sea during oil shale deposition periods. 
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1. Introduction 
The sedimentary processes occurred in the Mediterranean basins during the Messinian 
age have always been a matter of discussion among numerous researchers. Moreover, it 
has aroused particular interest in the organic-rich sediments that precede the extensive 
evaporite deposits originated during the Messinian Salinity Crisis (MSC). 
 
These deposits known as Tripoli Fm are assumed to be deposited from late Tortonian to 
Early Messinian times, throughout the Late Neogene basins of the Mediterranean Sea. 
Thus, numerous outcrops throughout the peripheral Mediterranean basins have been 
studied and documented (Blanc-Valleron et al., 2002; Clauzon et al., 2014; Corbí et al., 
2012; Cornee et al., 2012; Cunningham & Collins, 2002; Drinia et al., 2007; Fortuin & 
Krijgsman, 2003; Krijgsman et al., 2000; 2001; 2002; Londeix et al., 2007; Montenant 
et al., 1976; Mottura 1871; Orszag-Sperver et al., 2009; Permanyer et al., 1991; 1994; 
2013; Pyliotis et al., 2013; Rouchy et al., 1998; Roveri et al., 2014; Schenau et al., 
1999; Sierro et al., 2002; Suc et al., 1994; 2014;). 
 
However, the existence of these materials has not been proven in the central 
Mediterranean basins. Accordingly, researchers have performed detailed descriptions of 
the Tripoli Fm sedimentology and analogous models for both peripheral and central 
basins. (Orszag-Sperver et al., 2009; Roveri et al., 2014; Suc et al., 2014)  Even several 
magnetostratigraphic and foraminiferal studies have been conducted in order to make 
correlations between the different sections and outcrops which have been found around 
the whole Mediterranean area (Blanc-Valleron et al., 2002; Corbí et al., 2012; 
Krijgsman et al., 2000; Londeix et al., 2007). Nevertheless, referring to its alleged high 
organic matter content, few oil potential studies have been carried out. (Permanyer et 
al., 1991; 1994; 2013; Pyliotis et al., 2013) Therefore, this thesis focuses on a detailed 
study of oil potential of the Tortonian/Messinian basins of SE Spain. 
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2. Objectives 
The aim of this study is to characterize the oil potential of the pre - Messinian Salinity 
Crisis organic-rich sediments in the SE Spain as well as determine their maturity degree 
and depositional environment. In addition, the establishment of comparisons between 
the SE Spain basins and the other peripheral basins is considered. As a final objective, 
this study presents a model suggesting the presence of the organic-rich sediments in the 
central deep Mediterranean basin, equivalent to those existing in the marginal basins. 
 
To carry out these objectives the work is developed as follows: First of all, a description 
of the equivalent Tripoli Fm sections throughout the Mediterranean Sea is presented in 
detail. Consequently, each basin in which these sections have been described is 
geographically situated and geologically established. Information about tectonic 
framework, lithological facies and depositional environment is provided. 
 
Then, the fieldwork performed in this study is presented. Data collected in the field 
provide a firsthand description of three different sections built up in the SE of Spain: 
Híjar, La Serrata and Gafares sections corresponding to the basins of Híjar, Lorca and 
Níjar respectively. An interpretation of the facies and their depositional environment is 
also discussed in this part of the study. 
 
Then, in order to evaluate the oil potential of the organic-rich sediments of the SE Spain 
basins, a set of samples were collected and analyzed by means of Rock-Eval pyrolysis. 
Additionally, some of these samples were also studied with fluorescence microscopy; 
scanning electron microscopy and X-Ray diffraction, with the objective of determine 
their mineralogy, organic matter type and depositional environment. Finally, the 
conclusions summarize the main features of the studied sediments and basins, and 
propose a play for hydrocarbon generation in the central part of the Mediterranean 
basin. 
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3. The Messinian Age  
The Messinian age is a geological interval of time located in the uppermost Neogene 
which in turn is placed in the latest stage of the Miocene Epoch (Fig.1). Likewise, this 
age is bordered by the Tortonian age at its bottom and the Zanclean age, belonging to 
the Pliocene epoch at its top. According to the current geological research background, 
the most accepted dating of the base of Messinian is 7,25 Ma, whereas the dating of the 
top is 5,33 Ma. However, recent research offers a new insight regarding to the dating of 
the top of the Messinian Age situating it at 5,46 Ma, which will be introduced in further 
discussions (Baurion, 2013; Suc et al., 2014; Suc, pers. comm.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Geological time scale of the Neogene period (Cohen et al., 2013). 
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The Messinian age was characterized by a series of sedimentary events which are, with 
some exceptions, synchronous all over the Mediterranean. Accordingly, the most 
important event within the Messinian age is the Messinian Salinity Crisis (MSC). This 
episode ruled more or less all the sedimentary processes that occurred during the 
Messinian age. In fact MSC is a geologic event that took place in the Mediterranean Sea 
due to the progressive closure of the Atlantic gateways, the Rifian corridor,  leading to 
an evaporating process which produced the almost desiccation of the Mediterranean 
Sea. Nevertheless, this episode came about in several different stages which affected in 
a different way peripheral and central basins (Orzag-Sperver et al., 2009). 
By and large, the Messinian Salinity Crisis occurred in three phases. (Baurion, 2013; 
Fig. 2). 
Phase 1: Progressive closure of the Rifian corridor at 6 Ma approximately. Atlantic 
water inputs were still possible resulting in a cyclic deposition of evaporites through the 
peripheral basins. This is recorded as a first sea level fall of 150-200 m.  
Phase 2: This phase was a sudden phase in comparison to the first one. It is understood 
as a drastic sea level fall of 1500 m that also affected the central basins. Besides, this 
event is recorded by a very marked erosional surface, the Messinian Erosional Surface 
(MES) in peripheral basins dated at 5,6 Ma. 
Phase 3: The evaporites were deposited in the central basins as they were filled by 
water from the Atlantic Ocean. These water inputs were due to a slight opening of the 
Atlantic gateways prior to the big drastic one. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Scheme showing the 3 phases occurred during the Messinian age. Each phase represents a 
change in the Mediterranean Sea level (Baurion, 2013). 
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Nonetheless, a more detailed division is assumed for the Messinian in relation to its 
different facies which are exposed in this section by way of introduction. These facies 
are recognized in peripheral basins but their existence in the central basins is 
unsubstantiated. This means that the processes which allowed the deposition of the 
different Messinian facies throughout the Mediterranean Sea in peripheral and central 
basins have been a matter of debate for many years. For that reason it is suitable to 
present a chronological model in order to explain and try to reach a logical solution to 
this problem. Although it has not been achieved to disclose all the doubts related to this 
issue, it is possible to give a detailed idea about the chronological events that affected 
the two kinds of basins through this model (Suc et al., 2014).  
 
 
3.1. Messinian Chronology and Facies: Peripheral Basins vs Central 
Basins 
 
3.1.1. From Tortonian to Messinian Salinity Crisis (MSC) (7,25 -5,96 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: This figure shows the period during which Tripoli Fm was deposited in the peripheral basins, 
whereas what was happening in the central basins is still unknown nowadays (modified from Manzi et al., 
2011, right, and Suc et al., 2014, left). 
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Peripheral Basins 
The effects of the progressive Rifian´s corridor closure began to be noticed during this 
stage (Fig. 3). Therefore bottom water stagnation occurred as a consequence of a 
different water exchange regime between Atlantic Ocean and Mediterranean Sea. As a 
result, an anoxic environment was generated allowing the preservation of organic-rich 
matter within the sediments of the so called Tripoli Fm and its equivalents. Mostly, 
cycles of diatomite and very thin laminated shale are its most characteristic facies (Suc 
et al., 1994; Sierro et al., 2002; Krijgsman et al., 2001).  
Central Basins 
First of all, it is convenient to remark that there is almost no geological data acquired 
from the Early Messinian deposits in central basins (Fig. 3). There is no drilling report 
indicating that Tripoli Fm or its equivalents actually exists in central basins. Thus, only 
hypotheses based on logical deduction can be done. So, the bathymetric panorama in the 
central basins should be visualized deeper in comparison to the peripheral basins scene. 
Hence, scale seen; central basins are approximately 10 times deeper than peripheral 
basins. For this reason, the most logical hypothesis is to suppose that central basins at 
Early Messinian times were not affected by the bottom water stagnation that took place 
in the peripheral basins which were more restricted at that time. Then a deposition of 
clays in central basins could be envisaged (Suc et al., 2014).  Nevertheless, other 
authors (Permanyer et al., 1994) suggest a correlation between existing Tripoli Fm 
deposits in marginal basins and a possible coeval formation below the Messinian salt in 
central basins.  
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3.1.2. Messinian Salinity Crisis (MSC) ,  First Phase (5,96 - 5,74 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: This figure describes the period during which Primary Lower Gypsum was depositing in the 
peripheral basins, whereas central basins were filled with water (modified from Manzi et al., 2011, right, 
and Suc et al., 2014, left). 
 
Peripheral Basins 
During this stage, the consequences of the closure of the Rifian corridor were strongly 
perceptible (Fig. 4). The peripheral basins began a period of progressive isolation that 
resulted in a restricted situation of perched basins. Huge evaporitic cycles, mostly 
composed of gypsum were deposited. Nowadays they are identified as Primary Lower 
Gypsum (PLG) Unit. This corresponds to the first sea level fall of the Messinian and 
records the beginning of the Messinian Salinity Crisis (MSC), (Orzag-Sperver et al., 
2009). 
Central Basins 
Throughout this stage, central basins were not affected by this regressive trend (Fig. 4). 
This means that the clay or possible organic-rich shale deposition was still taking place 
in central basins (Suc et al., 2014). 
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3.1.3. Messinian Salinity Crisis (MSC), Second Phase (5,74 - 5,6 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: This figure describes the period during which Upper Gypsum was depositing in the peripheral 
basins, whereas deep marine conditions were still present in central basins (modified from Manzi et al., 
2011, right, and Suc et al., 2014, left). 
 
Peripheral Basins  
This stage is categorized as short transgressive step before the big Mediterranean Sea 
level fall (Fig. 5). During this period, the incoming water from the Atlantic Ocean 
increased allowing the deposition of well represented cycles of gypsum – marl 
alternations. Consequently gypsum corresponded to evaporative stages whereas marl 
corresponded to reflooding periods matching with the so called Upper Gypsum Unit 
(UP), (Baurion, 2013). 
 Central Basins 
The deep marine conditions continued being present in the central basins during this 
stage, so the most suitable hypothesis is to assume that clays or organic-rich shales 
deposition persisted (Suc et al., 2014; Fig. 5). 
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3.1.4. The Messinian Erosional Surface (MES), (5,6 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: This figure describes the period during which Mediterranean experienced a huge sea level fall. 
In the peripheral basins this resulted in an erosion surface (MES). On the contrary, central basins are 
thought to be flooded at that time (modified from Manzi et al., 2011, right, and Suc et al., 2014, left). 
 
Peripheral Basins 
At this time, the Rifian corridor became totally closed and the whole Mediterranean 
experienced a sudden huge sea level fall of about 1500 m (Fig.6). In peripheral basins 
this resulted in an erosional surface (MES) that deeply cut the cycles of prior gypsum 
deposits (Orzag-Sperver et al., 2009; Suc, pers. comm.). 
Central Basins 
Central basins were covered by water at this time, for that reason an erosional surface 
was not recorded. The only waters that remained in central basins were brines, and the 
only water input was fluvial (Suc, pers. comm.; Fig. 6). 
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3.1.5. Messinian Salinity Crisis (MSC), Third Phase (5,6 - 5,55 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: This figure describes the period during which Resedimented Gypsum was depositing in 
peripheral basins, whereas huge thicknesses of evaporites were sedimented in central basins (modified 
from Manzi et al., 2011, right, and Suc et al., 2014, left). 
 
Peripheral Basins 
The depositional environment prevailing during this period in peripheral basins was 
continental due to the fact that these basins were dried (Fig.7). The deposits developed 
during these times consisted of resedimented materials from previous evaporitic 
deposits, and materials of fluvio - deltaic origin. This sedimentological step corresponds 
to the deposition of the Post-Evaporitic Unit 1 (p-ev1), (Londeix et al., 2007; Bourillot 
et al., 2010). 
Central Basins 
The Rifian corridor was slightly opened leading to Atlantic water inputs (Fig.7). This 
made possible the development of a sedimentation mechanism in which each water 
input was evaporated resulting in the deposition of huge evaporite thicknesses. 
Accordingly, the thickness of evaporites in central basins is assumed to be 
approximately 2 Km (Clauzon et al., 2014).  
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3.1.6. Before the Pliocene Reflooding (5, 46 Ma) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: This figure describes the period during which Resedimented Gypsum was depositing in 
peripheral basins, whereas huge thicknesses of evaporites were sedimented in central basins (modified 
from Manzi et al., 2011, right, and Suc et al., 2014, left). 
 
Peripheral Basins 
At this point in time, continued to dominate the continental sedimentation in the 
peripheral basins. From 5,6 to 5,46 Ma rivers should cover larger distances than before 
5,6 Ma when Mediterranean Sea was still full of water (Fig. 8). That resulted in the 
excavation of huge canyons along the Mediterranean rivers which delved hundreds of 
Km to land (Bourillot et al., 2010; Baurion, 2013). 
Central Basins 
Central basins were almost flooded and full of water at this time, and the evaporitic 
deposition was coming to an end (Londeix et al., 2007; Fig. 8).  
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3.1.7. After the Pliocene Reflooding (5,46 - 5,36 Ma). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: This figure describes the period during which clastic marine sands were depositing in the 
peripheral basins, whereas an abrasion surface was generated in central basins (modified from Manzi et 
al., 2011, right, and Suc et al., 2014, left). 
 
Peripheral Basins 
At this moment, the Gibraltar strait was catastrophically opened and gave rise to a 
drastic Pliocene reflooding through the whole Mediterranean Sea. This was especially 
noticed in peripheral basins in which a widespread deposition of clastic marine sands 
began. This corresponds to the Post Evaporitic Unit 2 (p-ev2), (Fig. 9). In addition, the 
canyons carved by the rivers in previous stages were covered by sea water in its distal 
parts bringing about the so called Zanclean Gilbert – type deltas (Bourillot et al., 2010).  
Central Basins 
The most important event at this moment in central basins was the generation of an 
abrasion surface resulting from the catastrophic Pliocene reflooding (Fig. 9). It can be 
well distinguished in several seismic profiles performed in different Mediterranean 
places (Baurion, 2013).  
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3.1.8. Early Pliocene (5, 36 - 5, 32 Ma). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: This figure describes the period previous to the deposition of the Zanclean marls in peripheral 
basins, whereas central basins were already flooded (modified from Manzi et al., 2011, right, and Suc et 
al., 2014, left). 
 
Peripheral Basin 
The deposition of the Post Evaporitic Unit 2 (p-ev2), which started at 5,46 Ma 
continued during this period. This preluded the deposition of homogeneous massive 
marls indicating the return of open marine conditions (Fig. 10). The formations 
corresponding to this return are named as Trubi Fm or Argile d’ Azzurre (Bourillot et 
al., 2010; Clauzon et al., 2014).  
Central Basins 
In the flooded central basin the widespread deposition of clays took place during 
Pliocene times (Bourillot et al., 2010; Fig. 10).  
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4. The Tripoli Fm and its Oil Potential 
The Tripoli Fm was described for the first time by Mottura (1871) in the Caltanissetta 
basin (Sicily), as a late Tortonian to Early Messinian formation.  
 
More recently, other formations which in terms of facies, bear striking resemblance to 
the Tripoli Fm were described in other places all over the periphery of Mediterranean 
Sea. Accordingly, various authors have successfully correlated the Sicilian Tripoli Fm 
with the other similar deposits (Blanc-Valleron et al., 2002; Cunningham & Collins, 
2002; Drinia et al., 2007; Krijgsman et al., 2000; 2001; 2002; Orszag-Sperver et al., 
2009; Permanyer et al., 1991; 1994; 2013; Rouchy et al., 1998; Roveri et al., 2014; 
Sierro et al., 2002; Suc et al., 1994; 2014). This means that, a widespread deposition of 
this kind of facies can be assumed in the whole Mediterranean Sea. However these same 
facies deposited in different basins, are in turn differently called depending on the place 
and author. 
 
Regarding to the Tripoli Fm oil potential, this formation is assumed to be deposited 
under anoxic conditions that led to the preservation of large quantities of organic matter. 
For that reason a special interest towards this formation has been aroused in order to 
investigate its properties as a possible source rock. Nevertheless, these surface organic 
matter rich sediments are assumed to be immature, so they are supposed to not produce 
hydrocarbons. Nevertheless, if these source rocks had their equivalent in the central 
Mediterranean Basin, below 2 to 3 Km thickness of sediments, they would have 
matured under enough good burial conditions to generate hydrocarbons. 
 
On the other hand, the uncertainty in knowing if these organic-rich facies were 
deposited not only in peripheral basins, but also in the central ones is still nowadays an 
unanswered question.  
 
Another point worth mentioning is that there are not too many studies regarding the 
hydrocarbon potential of the Tripoli Fm and its equivalents in other basins. Only 
authors as Pyliotis et al., (2013) in Gavdos Island (S Crete), or Permanyer et al., (1991; 
1994; 2013) in Lorca Basin (SE Spain), have presented data concerning oil potential in 
equivalent Tripoli Fm deposits. Therefore given the scarcity of studies on the oil 
potential, this study focuses on determining the oil potential of the organic matter within 
these anoxic sediments, as well as recognizing its inherent characteristics such as 
maturity degree or depositional environment.  
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5. Tripoli Fm and its equivalents in  the Mediterranean basin 
 
Based on the assumption that the deposition of Tripoli Fm and its equivalents were 
widespread phenomena throughout the peripheral basins of the Mediterranean Sea, the 
term Tripoli Fm is used from now on to describe not only the Tripoli Fm in Sicily, but 
also its equivalents in other Mediterranean basins. 
Thus, this section aims to present the studied Tripoli facies up to this moment and the 
peripheral Mediterranean basins where these deposits are located (Fig. 11). Each basin 
is geographically situated and geologically described, providing information about its 
tectonic framework, lithological facies and depositional environment. According to this, 
the basins here referred are: Sorbas (SE-Spain), Melilla (N-Morocco), Caltanissetta 
(Sicily), Gavdos (S-Crete) and Psematismenos (S-Cyprus). As previously mentioned, 
the descriptions of these sections suggest a connection between the sedimentary 
processes which took place during Early Messinian times (Krijgsman et al., 2001; Suc 
et al., 1994). 
 
 
 
 
 
 
 
 
 
 
Figure 11: This figure shows a paleomap of the Mediterranean Sea at 5,96 Ma. The situation of the 
reference basins is indicated on: SO (Sorbas), ME (Melilla), CA (Caltanissetta), GA (Gavdos) and PS 
(Psematismenos), (Roveri et al., 2014 modified). 
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5.1. The Sorbas Basin (SE Spain) 
 
5.1.1. Location & Geological Setting 
The Sorbas basin is one out of a series of pull-apart basins, formed along the NE - SW 
trending eastern Betic shearzone (Fig. 12). The Sorbas basin was formed in two phases: 
The first phase lasted from Serravallian to Lower Tortonian (13,8 – 11,6 Ma aprox.), 
and consisted of an extensional chapter characterized by N-S stress trend. Then 
occurred a compressional Late Tortonian phase which resulted in the uplift of the 
Eastern Betics. Subsequently, the Sorbas basin rapidly subsided providing accumulation 
space for Tortonian/Messinian deposits (Krijgsman et al., 2001; Fortuin et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Location and geological cartography of the Sorbas basin. A: Paleomap of the Mediterranean 
Sea at 5.96 Ma. B: Current geological map of the Sorbas basin. (Roveri et al., 2014,top, Google Earth, 
2014 & IGME, 1995, bottom modified) 
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5.1.2. The Tripoli Fm in Sorbas basin 
 
The Abad Member, which was firstly described by Montenant et al., (1976), is 
composed of two well differentiated Members: The Lower Abad Member and the Upper 
Abad Member. The sapropel cycles of the Upper Abad Member in Sorbas basin, are 
considered equivalent to the Tripoli Fm in Sicily. 
Both members together reach a thickness of 110 m, and as in other equivalent Tripoli 
sections, a prominent cyclicity is present in these deposits. The total number of cycles is 
55, 21 in the Lower Member and 34 in the Upper Member (Sierro et al., 2002). 
 
The Sorbas Composite Section 
 
This section, which includes the two Abad Members, is actually composed of several 
sections lifted in different places of the Sorbas and its neighbor Níjar Basin. Most of 
them were made in the embankments of the road between the towns of Níjar and Sorbas 
(Sierro et al., 2002; Fig. 13). 
 
The Lower Abad member, which is about 60 m thick, essentially consists of 
homogeneous silty marls (Fig. 13). A marked cyclicity becomes clearly visible, 
reaching the number of 21 cycles. Each of those is characterized by the occurrence of 
indurated (Opal CT-rich) layers rhythmically intercalated within these homogeneous 
marls. Nodular structures indicating a not too calm depositional environment are 
common in this lower stretch. Upwards, as the depositional environment became calmer 
the structures represented in marls become stratified reaching indurated levels 
composed of marly limestones. Also bioturbation is observed in this Member indicating 
an open marine depositional environment. Therefore, anoxic phases previous to the 
Messinian Salinity Crisis (MSC) were still not reached (Fortuin et al., 2003; Clauzon et 
al., 2014). 
 
The Upper Abad Member which is about 40 m thick is characterized by the intercalation 
of sapropels and indurated diatom-rich (diatomites) layers containing benthic 
foraminifera and plant remains. These diatomites are faintly laminated at the base and 
strongly laminated (paper shales) towards the top (Fig. 13). 
Unlike Lower Abad Member, cyclicity is more intense in the Upper Abad Member, 
reaching the number of 34 cycles. An increasing lamination within the cycles points to a 
water bottom stagnation of the basin which reached anoxic conditions.  
To conclude, the top of the section is capped by the Yesares evaporitic deposits 
representing the onset of the Messinian Salinity Crisis (MSC), (Sierro et al., 2002; 
Fortuin et al., 2003). 
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       Figure 13: This figure shows the Abad Member (Coeval with Tripoli Fm.) composite section of Sorbas basin. There is a picture showing the whole Messinian succession   at the 
bottom (modified from Krijgsman et al., 1999, top left, and Sierro et al., 2002, top righ). 
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5.2.  The Melilla Basin (Northern Morocco) 
 
5.2.1. Location & Geological Setting 
 
The Melilla Basin is located along the northeastern coast of Morocco and is named after 
the Spanish enclave located on the peninsula of Cabo de las tres Forcas. The basin 
extends from the peninsula towards Algeria in the east and the Rif Mountains in the 
west and is bordered to the south by the folded remnant structures of the metamorphic 
Rif foreland (Gómez-Gras et al., 2004; Fig. 14). 
The basin was formed during the Middle Miocene, after the main Rif orogenic 
movements. Subsequently, a final Miocene basin-forming extension was recorded by a 
transgressive conglomerate of an assumed Late Tortonian age. Thus the space generated 
was filled by Tortonian and Messinian sediments as Tripoli Fm.  
In addition, frequent coeval volcanism of the Gourougou volcanoes resulted in the 
deposition of numerous ashes within these sediments and the development of seismites. 
(Cunningham et al., 2002; Van Assen et al., 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: This figure shows how the basins of SE Spain and North Africa were flooded in the Early 
Messinian, just before the close of Rifian Corridor (Cunningham et al., 2002 modified). 
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Figure 15: Geological map of the Melilla basin. The basin extends from the peninsula towards Algeria in the 
east and the Rif Mountains in the west and is bordered to the south by the folded remnant structures of the 
metamorphic Rif foreland (Van Assen et al., 2006 modified). 
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5.2.2. The Tripoli Fm in Melilla Basin 
 
The paper-shale deposits from the Messâdit section in Melilla, are considered an 
equivalent to Sicilian Tripoli Fm. These deposits were described for the first time by 
Cunningham et al., (2002). This section is characterized by sub horizontal cycles, of 
laminated diatomaceous marls alternating with homogeneous marls (Van Assen et al., 
2006; Fig. 16). 
 
The Messâdit Section 
 
The Messâdit section is located in the western coast of the Las Tres Forcas peninsula, in 
the hillside opposite the village of Messâdit. It consists of a 70 m thick, well-exposed, 
diatomaceous marl sequence, rich in ostracods and bivalves. Moreover several volcanic 
tephras are intercalated within the marl sequence. The Neogene sequence comprises a 
total of 35 well-defined, mostly bipartite sedimentary cycles capped by a bioclastic 
packstone. These cycles are numbered successively with an increasing stratigraphic 
level, hereafter referred from MEc1 to MEc35 (Fig. 16). The base of the section is 
formed by a volcanic tuff, which is directly overlain by a clayey marl level and followed 
by twelve cycles composed of indurated laminites (MEc1–MEc12). Then, a 
conspicuous change in color from bluish to brownish marls is observed in MEc6. The 
base of MEc13 records the next distinct change in lithology from laminites to white 
diatomites. As well, from MEc15 to MEc20 it is recorded a change in which diatomites 
grade upward into reddish brown laminated marls. The uppermost stretch of the section 
(MEc29 - MEc34) consists of an alternation of silty marl, gray indurated marl and soft 
brownish marl. These represent the last beds prior to the topmost bioclastic packstone 
levels (Van Assen et al., 2006; Cornee et al., 2012).  
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Figure 16:  The Messâdit section is located in the western coast of the peninsula, next to the village of 
Messâdit. It consists of a 70 m thick, well-exposed, diatomaceous marl sequence, rich. Several volcanic 
tuffs and ashes are intercalated. The sequence comprises a total of 35 well-defined cycles (Cunningham 
et al., 2002, left, and Van Assen et al., 2006, right modified).   
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5.3. The Caltanissetta Basin (Sicily) 
 
5.3.1. Location & Geological Setting 
The Caltanissetta basin was formed by the Maghrebian orogenic front since the 
beginning of Neogene period when this front progressively migrated southwards 
(Fig.17). As a result, during latest Tortonian to early Messinian time span, a great 
complexity of local perched basins was developed to the southern foredeep basin. Thus 
Tortonian - Messinian sedimentation took place occupying these perched basins in 
which Tripoli Fm is especially characteristic (Blanc-Valleron et al., 2002; Londeix et 
al., 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Location and geological cartography of the Caltanissetta basin. A: Paleomap of the 
Mediterranean Sea at 5.96 Ma. B: Current geological map of the Caltanissetta basin. (Modified from 
Manzi et al., 2011, bottom, and Roveri et al., 2014, top). 
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5.3.2. The Tripoli Fm in Caltanissetta basin  
The Tripoli Fm, which was described for the first time in the Caltanissetta basin by 
Mottura (1871), is described as a formation composed of cyclic marly levels mostly 
evidenced at the Gibliscemi and Falconara sections. Both are located in the southern 
part of Caltanissetta basin (Fig. 18). The total thickness of the Tripoli Fm measured in 
the Falconara/Gibliscemi composite section is about 39 m, and is topped by Calcare di 
Base Fm. Up to 46 cycles are recognized between the two sections through which it has 
been possible to make a correlation with other Mediterranean Tripoli sections (Blanc-
Valleron et al., 2002). 
The Gibliscemi Section 
The Gibliscemi section outcrops along the southern slope of Monte Gibliscemi (435049, 
4117803, 33 S), Approximately 45 Km SE of Caltanissetta. 
The total thickness of the Tripoli Fm measured in Gibliscemi section is about 12 m and 
includes 14 cycles whose thickness varies between 55 and 190 cm (Fig. 18). 
Each one of these cycles is represented by a couple of grey homogeneous marls and 
reddish laminites alternating with diatomite layers. Generally these cycles are topped by 
a dark-brown manganiferous crust (Suc et al., 1994). 
 
The Falconara Section 
The Falconara section is located on the southern slope of Cantigaglione Mount, about 
3.5 km NW of the Falconara castle, near the Licata town. This section which is 27 m in 
thick includes 32 cycles with thickness ranging from few decimeters up to 2 m. In 
contrast to Gibliscemi section, the section at Falconara is considerably more 
heterogeneous (Fig. 18). The base stretch of this section is mostly composed of 
homogenous grey marls, laminated red marls, and white diatomites. Then, in its topmost 
part, the section consists of grey dolomitic marls, laminated carbonates and diatomite. 
Finally, an uppermost 30 cm-thick layer of marls underlying a thick interval of 
brecciated limestones is considered as the base of the Calcare di Base Fm (Suc et al., 
1994; Londeix et al., 2007).  
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Figure 18: This figure shows a section of the Tripoli Fm in Caltanissetta basin. The lower part of the 
section was recorded in Gibliscemi, whereas the upper part of the section was described in Falconara. 
Both locations are indicated in the map (Krijgsman et al., 1999, left, and Manzi et al., 2011, right, 
modified). 
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5.4. The Gavdos Island (Greece) 
 
5.4.1. Location & Geological Setting 
Gavdos Island is located about 30 Km southerly of Crete Island. Both Gavdos and Crete 
islands are between a volcanic arc in the North and a northward subduction zone in the 
South, which have been created from the subsidence of the African plate below the 
Aegean plate (Drinia et al., 2007; Fig. 19).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19:  Location and geological cartography of the Gavdos Island. A: Paleomap of the 
Mediterranean Sea at 5.96 Ma. B: Current geological map of the Gavdos Island (Drinia et al., 2007, 
bottom, and Roveri et al., 2014, top modified). 
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5.4.2. The Tripoli Fm in Gavdos Island 
The Tortonian to Messinian Pre-evaporitic deposits of Metochia section, understood as 
a Tripoli Fm equivalent, were described for the first time by Schenau et al., (1999; Fig. 
20). The collected information concerning its lithology, thickness and foraminifera 
dating has allowed correlating this section with other Tripoli Mediterranean sections 
(Pyliotis et al., 2013).  
The Metochia Section 
The Metochia section is only 14.5 m thick and consists of clayey diatomites, white 
diatomites and diatomaceous laminated marls, locally associated with marly limestones. 
Around 12.7 m height, the succession becomes enriched in layers of grey limestones 
interbedded with clayey diatomites and diatomaceous marls (Fig. 20). To conclude, this 
section is topped by evaporitic layers representing the onset of the Messinian Salinity 
Crisis (MSC).This section is assumed to be deposited in a deep marine environment 
which was affected by the stagnation of the water column due to restricted conditions in 
the basin prior to the closure of the Rifian Corridor. Nevertheless the stacking pattern of 
the studied deposits is characterized by a transgressive trend as in the other Tripoli 
Mediterranean sections (Pyliotis et al., 2013; Drinia et al., 2007). 
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Figure 20: This figure shows the Metochia section of the Tripoli Fm in Gavdos Island. The Metochia 
section consists of clayey diatomites, white diatomites and diatomaceous laminated marls. This section is 
topped by evaporitic layers representing the onset of the Messinian Salinity Crisis (MSC), (Krijgsman et 
al., 1999, bottom left, Drinia et al., 2007, right, and M. Roveri et al., 2014, top left modified). 
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5.5. The Psematismenos Basin (SE Cyprus) 
 
5.5.1. Location & Geological Setting 
 
The Psematismenos basin is located southeast of Cyprus in the region of Larnaca 
covering East and Southeast of Troodos massif (Fig. 21). Psematismenos basin is 
composed of sub-basins limited by little sills made of reef limestones (Koronia Fm). 
The sub-basin Psematismenos-Tochni is bounded on the east and north by a fringe of 
reef limestones associated with conglomeratic deposits while its western boundary is 
masked by a fracture Zone (Orszag-Sperver et al., 1988; Krijgsman et al., 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Location and geological setting of Psematismenos basin. A: Paleomap of the Mediterranean 
Sea at 5.96 Ma. B: Evaporitic deposits of southern Cyprus basins (Orzag – Sperber et al., 2009, bottom, 
and M. Roveri et al., 2014, top modified). 
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5.5.2. The Tripoli Fm in Psematismenos basin 
The equivalent to Tripoli Fm in Psematismenos basin, described from the first time by 
Orzag-Sperver et al., (1988), is defined as a cyclical layer formation composed of 
laminated diatomite shale which outcrops in the surroundings of the Tochni village (Fig. 
22). The approximate thickness of these deposits is 120 m, and a total of 45 cycles are 
recognized within them. As a final point, the onset of the evaporitic deposition becomes 
visible at the top, with the presence of the chaotic deposits of the Barre Jaune and the 
subsequent gypsum thicknesses (Krijgsman et al., 2002). 
The Tochni Section 
The section, which is located South of Tochni village, offers a continuous sedimentary 
record of the transition between the late Tortonian and the base of the massive gypsum. 
The section around 100 m in thickness starts with homogeneous bluish marls 
interbedded with thin sandy layers and carbonate layers.  About 70 m below the top, the 
succession grades into an alternation of silty marlstones and homogeneous marlstones. 
A major sedimentary change occurs 25 m above, with the appearance of dm to m-thick 
layers of fine grained carbonates interbedded with silty marlstones and finely laminated 
diatomite shales (Fig. 22). Moreover, these beds show an organization with superposed 
individual cycles composed of marls and fine grained carbonates and diatomites. 
From the interpretation of these cycles it has been suggested that the depositional 
environment, evolved gradually from deep marine conditions with transgressive trends, 
to shallow regressive trends. That favored the cyclicity and the establishment of a 
restricted environment that allowed the preservation of organic-rich layers (Orzag-
Sperver et al., 1988; Krijgsman et al., 2002). 
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Figure 22: This figure shows the Tochni section of Psematismenos basin.  The section around 100 m in 
thickness starts with homogeneous bluish marls interbedded with thin sandy layers and carbonate layers 
(Orzag – Sperber et al., 2009 modified). 
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6. Fieldwork in the SE Spain basins 
 
6.1. Introduction 
 
With the objective of gaining firsthand knowledge about the Tripoli Fm equivalent 
deposits of the SE Spain, and analyze its oil potential, sampling of three contemporary 
Messinian basins was carried out. The chosen scenario for the research was the SE of 
Spain, where Late Tortonian and Messinian deposits are moderately accessible and well 
preserved. 
In this way, the fieldwork took place in the Híjar basin, located in the province of 
Albacete, in the Lorca basin in Murcia and in the Níjar basin in northern Almeria. 
First of all, a record of the Tripoli succession equivalent was performed through the 
construction of stratigraphic columns in each of the basins. They were named as: Híjar 
section for the first one, La Serrata, for the Lorca basin, and Gafares for the Níjar Basin 
(Fig. 23). This allowed a first interpretation of the depositional environments which 
created the right conditions for the oil shales formation. Each of the columns contains 
accurate structural and lithological descriptions which provide interesting clues about 
how and where the organic matter was sedimented. Nevertheless, only through 
laboratory investigations is possible to obtain conclusive results from which the oil 
potential of the organic-rich sediments can be acknowledged. For this reason, as part of 
the fieldwork, a wide range of samples were taken in each of the basins with the 
purpose of being analyzed later on. Each of them is represented in the columns as well. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Geographical map of the studied zones with the location of the basins and sections (Híjar, 
Lorca – La Serrata, Níjar-Gafares), (Google Earth, 2014). 
 
39 
 
 
 
6.2. The Nijar Basin 
 
6.2.1. Previous Works 
Sierro et al., (2002) carried out a high-resolution integrated stratigraphy for pre-
evaporitic Messinian deposits of the Níjar and Sorbas basins (SE-Spain). These 
sediments are known as the Abad marls and are coeval with the Tripoli Fm. The 
resulting Abad composite section contains a continuous stratigraphic record from the 
Tortonian/Messinian boundary up to the transition to the Messinian evaporites of the 
Yesares Member. All together, a number of calcareous plankton events were recognized 
which were shown to be synchronous throughout the Mediterranean by means of 
detailed (bed-to-bed) cyclostratigraphic correlations. As a final point, the Abad 
composite section was astronomically calibrated by means of magnetostratigraphy. 
Krijgsman et al., (2001) conducted an astrochronological study for the Sorbas basin in 
which they approximately dated the base of the Tripoli Fm, or in its counterpart, the 
Abad marls. Besides they dated the top of the Abad marls in the transition to the 
evaporites known as Yesares member. To conclude, they developed a model in order to 
synchronously relating this stratigraphic event throughout the whole Mediterranean 
area. 
 
6.2.2. Geological Setting 
The Níjar basin is one out of a series of pull-apart basins, formed along the NE - SW 
trending eastern Betic shearzone and related to ongoing approach of African and Betic 
continental crust. These basins formed above the exhumed metamorphic zones of the 
internal Betics during the Neogene (Fig. 24). The still active, NE-SW oriented, sinistral 
Carboneras strike-slip zone separates the basin from the Sierra de Gata volcanic hight 
(Fortuin & Krijgsman, 2003). 
 
Moreover, Nijar basin whose formation has always been linked to the neighbor Sorbas 
basin, formed in two phases: The first phase lasted from Serravallian to Lower 
Tortonian times (13,8 – 11,6 Ma aprox.), and consisted of a extensional chapter 
characterized by N-S stress trend (Clauzon et al., 2014). During this stage were 
deposited the oldest sediments of the basin, which consisted of Serravalian 
conglomerates overlain by Tortonian turbiditic sandstones. Then occurred a 
compressional Late Tortonian phase which resulted in the uplift of the Eastern Betics. 
This generated a major unconformity which separated the turbidite-rich succession from 
the onlapping shallow marine calcarenites known as the Azagador Member (uppermost 
Tortonian). Across the Tortonian/Messinian (T/M) boundary and in response to tectonic 
activity the Níjar basin rapidly subsided.  This provided accumulation space for the 
deposition of a complete Messinian succession (Krijgsman et al., 2001).  
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Figure 24: Location of the Níjar basin and Gafares section. The UTM coordinates indicate the exact base 
and top location of the section (IGME 1995 & Google Earth 2014). 
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6.2.3. Stratigraphy of the Gafares Section 
 
The Gafares section, which is approximately 110 m thick, is located on the northern 
margin of the Níjar basin near the village with the same name, on the right side of the 
road from this village to El Saltador Bajo. The base of the section is placed at the 
coordinates (UTM: 590863 4098234   30 N 243 m), whereas the top is placed at (UTM: 
590901 4098129 30 N 306 m). The stratigraphic succession records two well 
differentiated types of facies corresponding to the Lower Abad Member and the Upper 
Abad Member (Fig. 25). In view of that, most of the Lower Abad Member is perfectly 
exposed showing the characteristic indurated layers that top each one of its distinctive 
cycles. Besides, the boundary between Lower and Upper Abad Members is well 
represented by a progressive color change (Fig.26). The section has been extended to 
the base of the evaporites but the uppermost part is not well exposed (Sierro et al., 
2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: The Gafares section. The Lower and Upper Abad Members are represented with its lithologies 
and structures.   
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Figure 26:  Images of the Gafares section. A: The whole Gafares section, the different members are 
indicated. B: Upper Abad Member. The lamination is more intense than in the Lower Abad Member in 
image C. 
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The Lower Abad Member 
 This stretch which is about 80 m thick shows a prominent cyclicity that was described 
and interpreted by Sierro et al., (2002). Each of the cycles is composed of marls with 
nodular structures at its base indicating not too calm depositional environment. 
Afterwards, as the depositional environment became calmer the structures represented 
in marls become stratified reaching indurated levels composed of marly limestones at its 
top. Also bioturbation, is observed in some of the marly levels of   this Member, 
indicating an open marine depositional environment which had still not reached the 
characteristic anoxic phases previous to the Messinian Salinity Crisis (MSC), (Fig. 27).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Stratigraphic column of the Lower Abad Member. Each of the cycles present nodular 
structures at its base and indurated layers at its top. 
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The Upper Abad Member (Equivalent to Tripoli Fm) 
 
Approximately 80 m from the base of the section takes place a lithological change 
indicated by a progressive colour evolution from greyish to brownish tones. This colour 
change is considered as the boundary between Lower and Upper Abad Members. 
Additionally, it also notices the onset of the anoxic conditions that characterize the 
facies of the Upper Abad Member (Sierro et al., 2002). By large, this upper stretch 
which is almost 30 m thick is composed of alternating marls with highly laminated 
diatomite layers. As in the lower part of the section, a remarkable cyclicity is detected. 
Throughout the whole Upper Abad stretch, ostreids, bivalves, plants and fish relicts are 
easily recognisable within the diatomite layers (Fig. 28). These, together with the 
intense observed lamination, are indicators of a very calm anoxic marine environment 
that provided the essential conditions to preserve organic matter within its sediments. 
Nevertheless the finding of plant relicts points to a no so distal setting.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: Stratigraphic column of the Upper Abad Member. The colour change indicates the onset of 
the anoxic conditions. 
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6.3. The Lorca Basin 
 
6.3.1. Previous works 
The first known geological studies conducted in this basin date from the XIX century, 
specifically of the year 1850, when several carbonate layers associated to sulphur were 
discovered at La Serrata. These sulphurous deposits were exploited until year 1959 by 
several mining companies as “Compañía General de Azufres de España” or “Sociedad 
Minas y Refinerías de Azufre, S.A.” (Cuadras, 2008).  
Later, Compañia Genereal de Ingeniería y Sondeos, S.A (CGS), (1983) performed a 
drilling prospection in order to explore the bituminous shales of La Serrata area. 
Unfortunately, the cores have been lost over the time. Nevertheless, the conclusions 
reached in the company report revealed very interesting results estimating 36, 74 ± 17, 
50 Mt of bituminous resources with an average of 23,04 ± 2,06 l HC/t rock. 
Permanyer et al., (1994) studied the organic-rich paper-shales from Lorca basin and 
described them as an immature pre-Messinian source rock deposited under marine 
conditions. The results obtained from the Rock-Eval analysis revealed a Total Organic 
Carbon (TOC) values up to 22% and an oil potential (S2) up to 200 mg HC/g rock. This 
together with fluorescence and other geochemical analyses, allowed defining the Lorca 
organic-rich sediments as kerogen type II-S. 
Rouchy et al., (1998) conducted a stratigraphic study in which an integrated approach 
using sedimentology, micropaleontology, stable isotope geochemistry and organic 
geochemistry was carried out. The aim of this research was to acquire a continuous 
record of the paleoenvironmental changes that affected this basin. Accordingly, the 
interpretation given to the study results establish that the sediments of the Lorca basin 
correspond to an equivalent of the Messinian Tripoli Fm deposited prior to the 
Messinian Salinity Crisis (MSC), and the related evaporites.  
Krijgsman et al., (2000) performed a detailed magnetostratigraphic, biostratigraphic, 
and cyclostratigraphic study of the sedimentary sequences of the Lorca and Fortuna 
basins. Their work describes a Tortonian – Messinian tectonic event which uplifted the 
Betic Cordillera restricting several basins of the SE- Spain including the Lorca basin.  
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6.3.2. Geological Setting 
The Lorca basin, developed on the substratum of the Internal Units of the Betic 
Cordillera, is bounded to the southeast and northwest by two major NE-SW oriented 
sinistral strike-slip faults (Fig. 29). The southwestern and northeastern limits were 
formed by NW-SE and N-S oriented normal faults which classify it as a `pull-apart 
basin'. The Lorca basin obtained its present configuration during early Tortonian times, 
a period characterized by sedimentation of conglomerates, siliciclastics and carbonates. 
A paleogeographic differentiation occurred during the middle-Tortonian resulting in 
Messinian sedimentation of open-marine marls, diatomites and evaporites in this 
elongated depocentre. These marine sequences are well-exposed along a SE-NW 
trending ridge (La Serrata) which yields several undisturbed continuous sections 
encompassing the entire stratigraphic sequence from marine marls to evaporates 
(Krijgsman et al., 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: Location of the Lorca basin.  The locations of La Serrata section and some other outcrops 
(Sulphur ovens and wells) which were sampled are shown as well. The cartography allows differentiating 
the Tripoli Fm from the evaporite levels (IGME 1995 & Google Earth 2014). 
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6.3.3. Stratigraphy of La Serrata Section 
 
 
La Serrata section, 170 m thick and located 5 km to the north of the city of Lorca is 
composed of three members: The Lower Member, the Middle Member and the Upper 
Member (Fig. 31; 32). In order to build a detailed section including these three 
members, the lower part of the section has been sampled along the track between 
coordinates:  
 
UTM Base La Serrata 1: 612712 4173154 30 N 388 m, and 
UTM Top La Serrata 1: 612630 4173442 30 N 382 m. 
 
Then we carried out a lateral displacement between coordinates:  
UTM Top La Serrata 1: 612630 4173442 30 N 382 m. and  
UTM Base La Serrata 2: 612669 4173679 30 N 396 m. 
 
Finally, the Upper part of La Serrata Section was measured between the coordinates: 
UTM Base La Serrata 2: 612669 4173679 30 N 396 m and  
UTM Top La Serrata 2: 612642 4173720 30 N 437 m. 
 
 This route was chosen because it was the best way to record the section in where the 
entire diatomite succession, including the transition to massive gypsum was most 
clearly exposed (Fig. 30).  
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Figure 30: Location of La Serrata section. The UTM coordinates indicate the followed track in order to 
record the whole section (IGME 1995 and Google Earth, 2014).
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Figure 31: Stratigraphic column of La Serrata section. The column is separated in three members; each of them is interpreted in a different way.
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Figure 32: Images of La Serrata section. A: The Lower and Middle Members of La Serrata section. B: 
The whole section. C: The Upper Member capped by the Evaporitic Unit. 
 
 
51 
 
The Lower Member 
The Lower Member of La Serrata section (65 m thick), is characterized by long 
stretches of marls with some interbedded marly limestone indurated layers. Bioturbation 
is abundant and nodular structures are common as well. These are indicators of a no 
calmed depositional environment representative of a deep water marine environment 
that had still not reached anoxic conditions (Fig. 33). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33: Stratigraphic column of the Lower Member of the section.  The abundant bioturbation points 
to an aerobic environment. 
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The Middle Member 
This stretch which is 90 m thick mainly consists of alternations of marine diatomites 
and silty marls, with interbedded sandstones and fine grained limestones or dolostones. 
In addition it presents well marked slumped structures. Moreover, this is the part of the 
section in which most of the samples were taken. The characteristic paper-shale texture 
of the laminated diatomites of this member is representative of an anoxic environment 
which provided conservation of organic-rich sediments (Fig. 34).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34: Stratigraphic column of the Middle Member of the section. Slumped structures are present 
within the intense laminated paper-shale layers. 
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The Upper Member 
Finally the top of La Serrata section, which is 30 m thick, consists of silty marls with 
intercalated sandstone beds, indicating a more terrestrial input, which in turn is capped 
by a massive gypsum unit of approximately 50 m thick that is mainly composed of 
laminated, detrital and nodular gypsum (Fig. 35). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35: Stratigraphic column of the Upper Member of the section. This stretch is dominated by marls 
with intercalated sandstones.  
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6.4. The Híjar Basin 
 
6.4.1. Previous Works 
To begin with, the IGME, (1981) made a study of organic-rich sediments that include 
Híjar basin among other Betic basins in order characterize their geological formations 
and analyzing their oil potential. 
Other important studies of the zone, concern the diatomite deposits, some of which are 
exploited as quarries. An example is, the research conducted by (Bellanca et al., 1989) 
which consisted of a characterization based on mineralogy and isotope geochemistry of 
the diatomite deposits. As a result, the study determined the existence of variable 
depositional conditions for the diatomites, which in turn were associated with an overall 
deepening of lake depositional environments.   
 
Elízaga, (1994) made a detailed sedimentary and petrological study comparing the 
Hellín Basins, among which, there is the Híjar basin. The study mentions the presence 
of oil shale levels in the Híjar basin, without organic data. 
To conclude, a study of the evaporitic rocks in the Hellín basins has also been carried 
out by Ortí et al., (2014), revealing interesting results on how tectonically active zones 
are influenced by different factors, and how these factors interplay to produce 
significant variability of the evaporitic sedimentation. 
 
 
6.4.2. Geological Setting 
 
The current area of the Híjar basin is 4 km
2
, and it is possible to measure series which 
are 250 m thick. The east and west boundaries of the basin, correspond to normal NW-
SE oriented faults and in both, north and south boundaries, the Keuper facies of Upper 
Triassic age crop out. The lacustrine sediments base unconformably lies on Cretaceous 
biocalcarenites materials as well as on the marine Miocene (Tortonian - Messinian). 
These latest are the most modern sediments of the Híjar basin. Additionally, the good 
quality of the outcrops allows constructing detailed stratigraphic columns (Elízaga, 
1989; Fig. 36).  
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Figure 36: Location of Híjar basin.  The geological map shows the followed track in order to record the 
section. The Tripoli Fm equivalent is represented here as “Mioceno superior Lacustre” (yellow 
coloured), (Calvo & Elízaga, 1989, right & Google Earth 2013, left).  
  
 
6.4.3. Stratigraphy of the Híjar section 
This column which is approximately 200 m in thickness, was made starting from the 
bridge of the road to Híjar, crossing the riverbed of  Rambla del Mojon and following 
upstream along the riverbed (UTM: 586165 4267193 30 N 619 m).  Despite the 
continuity of the stratification, there is a gap in the lower part of the second stretch that 
may have caused the repetition or the loss of a few meters of the series. Besides, the 
thickness of the constructed column, offers a certain insight of the basin evolution, 
which points to a lacustrine environment with little siliciclastic inputs (Fig. 37; 38).
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Figure 37: Stratigraphic column of Híjar section. Limestone layers become thicker towards the top of the section, while diatomite marly levels decrease in thickness. This 
indicates a shallower setting.  
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Figure 38: Images of Híjar section. A: Top of the Híjar section. B: Lower part of Híjar section, it consists 
of a monotonous succession of marls with interbedded limestones and sandstones. 
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Lower Part of Híjar section 
The lower part of this section consists of a monotonous succession of marls with 
interbedded limestones and sandstones. The marly stretches are laminated and 
contain abundant organic matter (plant relicts and gastropods). The internal marly 
sequences (30 cm) begin with fine sand levels and continue with massive marls, 
ending with diatomite laminates. As a final point, limestone layers, as well as fine 
grained sandstones form centimetric alternations, repeating the same sequence 
along the whole stretch (Fig. 39; 40). 
 
 
 
 
 
 
 
 
Polla 
 
 
 
 
 
 
 
 
 
 
 
Figure 39: First 70 m of the lower part of Híjar section. Marly layers contain abundant plant relicts and 
gastropods. 
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Figure 40: Last 60 m of the lower part of Híjar section. The monotonous succession of marls and 
limestones can be noticed.  
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Upper Part of Híjar section 
In this stretch, limestone layers become thicker, while diatomite marly levels decrease 
in thickness. These features, together with the increasing lamination and the presence of 
cyclicity, point to a change into more shallow facies indicating a marshy environment.  
Thus, an increase in the thickness of the carbonate layers towards the top of the section 
is recognized. These layers start with a fine gradation, which gradually end in more 
massive micrites (Fig. 41). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41: Upper stretch of Híjar section. An increase in the thickness of the carbonate layers towards 
the top of the section is recognized.  
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7. Samples and Lab Work Methods 
 
7.1. Collected Samples 
The fieldwork involved the uplifting of a stratigraphic section in each of the study 
basins (Níjar, Lorca, Híjar). In order to build up these sections each stratum, from base 
to top was measured by means of a tape measure and then outlined in a field notebook. 
In this way, the samples taken along the measurements of the series consisted in the 
visual identification of organic-rich sediments at surface. (Fig. 42; 43; 44; 45; 46; 47; 
48; 49; 50).  
 
7.2. Geochemistry 
Geochemical analysis of samples by Rock-Eval pyrolysis is an essential analysis to 
highlight organic content and oil potential in rocks. To prepare samples for analysis, the 
first step is to crush a small amount of sample. Then, around 100 mg are introduced in 
small capsules, and placed in the Rock Eval device. The Rock-Eval pyrolysis is 
performed at certain temperatures in an inert atmosphere of helium, and consists of 
various stages (Espitalié et al., 1985/1986). 
- Obtaining S1: Initially, the oven is 300 ºC. This temperature is maintained 
for 3 minutes, time during which free hydrocarbons are thermo-volatilized 
and measured. The obtained parameter is called "S1". This parameter 
represents the free hydrocarbons present in the sample. S1 increases with 
maturity and depth and the highest values reached are around 25 mg HC / g.   
 
- Obtaining S2: The temperature is increased to 600 ºC, at a rate of 25 ºC per 
minute. During this phase the volatilization of heavy hydrocarbons (> C40) 
and the "cracking" of kerogen occurs. The value S2 measures the amount of 
hydrocarbons generated during this process, which is an equivalent to an 
artificial maturity process of organic matter. The S2 represents the oil 
potential, the total amount of hydrocarbons that a source rock can generate. 
When the rock is immature this potential is initial, and residual when mature. 
The S2 value varies between 0 and 800 mg HC / g of rock, and generally 
decreases with depth. 
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- Obtaining Tmax: The temperature at which most of the generation of S2 
occurs is called Tmax. This parameter is indicative of the maturity degree of 
the organic material. The oil window is located at Tmax values between 
435ºC and 470ºC. Then, Tmax values below 435ºC indicate an immature 
organic matter and over 470ºC indicate the gas window. 
 
- Obtaining S3: The S3 value is the amount of CO2 generated during the 
cracking of the kerogen to a temperature between 300 and 400°C. It is 
indicative of the oxygen amount present in the kerogen. 
 
- Obtaining TOC: Finally, the TOC (Total Organic Carbon) indicates the 
percentage in weigh of organic carbon in the rock, and is calculated by S1, 
S2 and S4. The S4 corresponds to CO2 of residual organic carbon at 600ºC. 
After obtaining these results, new useful parameters are calculated in order to determine 
the organic matter type: 
- Hydrogen Index (HI) HI = S2 / TOC (mg HC / g TOC). 
- Oxygen Index (OI) OI = S3 / TOC (mg HC / g TOC). 
- Production Index (PI): PI = S1 / (S1 + S2). It is used to determine the 
organic matter evolution. 
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Figure 42: A total of 8 samples were collected in the Gafares section: GF-1, GF-2, GF-3, GF-4, GF-5, 
GF-6, G-F7, and G-F8. Five of them are subjected to Rock-Eval pyrolisis test: GF-2, GF-3, GF-4, GF-5 
and GF-7.   
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Figure 43: Some of the samples collected in the Níjar basin: GF-4 and GF-7. They were collected in the 
interpreted anoxic zone and present an intense lamination, mostly sample GF-7.  
 
 
 
 
 
 
 
 
 
 
65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44: A total of 17 samples were collected in La Serrata section: LG-1, LG-2, LG-3, LG-4, LG-5, LG-5.2, LG-6, LG-7, LG-8, LG-9, LG-10, LG-11, LR-1, LR-2, LR-3, 
LR-4 and sulphur ovens.  Thirteen of them are subjected to Rock-Eval pyrolisis test: LG-4, LG-5, LG-5.2, LG-6, LG-7, LG-8, LG-9, LG-11, LR-1, LR-2, LR-3, LR-4 and 
sulphur ovens (SuOv).  
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Figure 45: Situation and images of samples collected in the Lorca basin: LG-8, LG-5, LG-5.2, LG-4 and 
LR-3 
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Figure 46: Different surface examples of the studied oil shales. They show intense lamination: situation 
of the samples LG-9 and LG-11. 
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Figure 47: Situation of the samples collected next to the sulphur ovens emplacement, (SuOv) (IGME 1995 
& Google Earth 2014). 
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Figure 48: A total of 8 samples were collected in Híjar section: HIJ-1, HIJ-2, HIJ-3, HIJ-4, HIJ-5, HIJ-6, HIJ-7 and HIJ-8.  Four of them are subjected to Rock-Eval 
pyrolisis test: HIJ-1, HIJ-3, HIJ-6 and HIJ-7. Additionally, samples H1 (^) and H2 (^) from (Jorge, 2014) are included as well.
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Figure 49: Location and image of sample HIJ-3 collected in the Híjar basin. It presents a dark colour 
given by its organic matter high content. 
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Figure 50: Location and image of sample HIJ-6 collected in the Híjar basin. The stratification is whitish 
and laminated. However, the layer from which HIJ-6 sample was collected has a darker appearance. 
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7.3. Fluorescence Microscopy  
The study of the petrographic organic constituents contained in the samples, known as 
macerals, was made by fluorescence microscopy. The microscope preparations have 
been made encompassing samples with resin, carving and polishing them. 
Observations by fluorescence microscopy were performed using blue-violet light with a 
wavelength of 395-440 nm. They were used objectives 10x and 20x.  
The electromagnetic radiation, which is emitted by the microscope with short 
wavelength, is absorbed by organic molecules. Then, the same molecules re-emit this 
radiation in a longer wavelength. The longer wavelength is visible and therefore enables 
observing the organic matter. 
 
7.4. Electron Microscopy 
 
The electron microscope Quanta 200 was also used for observation and photography in 
order to identify the unidentifiable organic elements by means of fluorescence 
microscopy. The SEM produces images by probing the specimen with a focused 
electron beam that is scanned across a rectangular area of the sample (raster scanning). 
When the electron beam interacts with the sample, it loses energy by a variety of 
mechanisms. The lost energy is converted into alternative forms such as heat, emission 
of low-energy secondary electrons and high-energy backscattered electrons, light 
emission (cathodoluminescence) or X-ray emission, all of which provide signals 
carrying information about the properties of the specimen surface, such as its 
topography and composition (Brookhaven, 1990). 
 
7.5. X-Ray Diffraction 
 
Bulk mineralogy associated with organic-rich levels was determined by submitting a set 
of previously selected samples to X-ray diffraction.  
This method relies on the dual wave/particle nature of X-rays to obtain information 
about the structure of crystalline materials. A primary use of the technique is the 
identification and characterization of compounds based on their diffraction pattern. 
The dominant effect that occurs when an incident beam of monochromatic X-rays 
interacts with a target material is scattering of those X-rays from atoms within the target 
material. In materials with regular structure (i.e. crystalline), the scattered X-rays 
undergo constructive and destructive interference. This is the process of diffraction. The 
diffraction of X-rays by crystals is described by Bragg’s Law, n(ʎ) = 2d sin(Ɵ). The 
directions of possible diffractions depend on the size and shape of the unit cell of the 
material. The intensities of the diffracted waves depend on the kind and arrangement of 
atoms in the crystal structure.  
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However, most materials are not single crystals, but are composed of many tiny 
crystallites in all possible orientations called a polycrystalline aggregate or powder. 
When a powder with randomly oriented crystallites is placed in an X-ray beam, the 
beam will see all possible interatomic planes. If the experimental angle is systematically 
changed, all possible diffraction peaks from the powder will be detected. Thus, the 
diffraction peaks are interpreted using software which permits quantifying the 
mineralogy contained in each sample. (XOS, 2007). In this case the results were 
interpreted using the software X’Pert HighScore Plus.  
 
8. Results 
8.1. Geochemical Results 
 
The geochemical results obtained by Rock-Eval pyrolysis, reveal great variations 
between the organic matter located in the three basins which have been studied. To 
begin with, we are only considering organic matter presence in those samples in which 
the total organic carbon (TOC) content exceeds 0,4 % wt (highlighted in orange (Fig. 
51; 52; 53; 54) in order to conduct further investigations. Besides, in addition to the 
samples collected during the field work, some data from previous research (Permanyer 
et al., 1994 (*) and Jorge, 2014 (^)) have been taken into account.  
 
On this basis, only two of the three basins, Híjar and Lorca have displayed organic 
matter presence (Fig. 51; 52; 54). Regarding the results, TOC values are up to 22,1 % in 
samples from La Serrata section in the Lorca basin. Whereas samples from the Híjar 
basin show TOC values up to 6,32 %. This organic content is considered excellent in 
terms of source rock quality. On the contrary, results from the Gafares section (Níjar 
basin), point to a very poor rock source quality (Fig. 53). Probably, the low values 
obtained in this section are due to the oxidation of this organic matter because of the 
intense weathering. Probably, if samples from a hypothetical drilling campaign were 
analyzed, a higher presence of organic matter would be found.  
 
Most of the samples are located in the sections made during the fieldwork campaign. 
Nevertheless, some of the analyzed samples come from other outcrops found around the 
study areas or even wells L3-97(^). Furthermore, free hydrocarbons content (S1) and 
remaining potential (S2) values are given as well. Both results are discussed in further 
sections reaching interesting conclusions about the source rock characteristics of the 
study basins. 
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Figure 51: Results of Rock-Eval pyrolysis of the studied samples from La Serrata section. Those rows highlighted in orange refer to samples with presence of organic matter. 
 
Zone Sample Ref Well/Outcrop
Height in 
series
TOC S1 S2 S3 HI OI TPI Tmax
m %wt mg HC/g rock mg HC/g rock
mg CO2/g 
rock
mg HC/g 
Org.C
mg CO2/g 
Org.C
S1/(S1+S2) ºC
LG-4
La Serrata 
Section
388 0.06 0.02 0.12 0.51 200 850 0.14 427
LG-5
La Serrata 
Section
n/a 0.4 0.08 1.99 1.12 498 280 0.04 409
LG-5.2
La Serrata 
Section
n/a 0.86 0.23 4.29 0.8 499 93 0.05 398
LG-6
La Serrata 
Section
n/a 0.12 0.01 0.36 0.62 300 517 0.03 467
LG-7
La Serrata 
Section
n/a 0.12 0.15 0.35 1.17 292 975 0.3 324
LG-8
La Serrata 
Section
382 0.17 0.02 0.55 0.63 324 371 0.04 418
LG-9
La Serrata 
Section
396 0.12 0.14 0.37 2.58 308 2150 0.27 405
LG-11
La Serrata 
Section
437 0.09 0.09 0.23 2.25 256 2500 0.28 343
LR-1
La Serrata 
Section
441 1.14 0.57 6.35 0.81 557 71 0.08 387
LR-2
La Serrata 
Section
440 0.31 0.11 1.8 0.63 581 203 0.06 412
LR-3
La Serrata 
Section
416 0.36 0.06 1.48 0.63 411 175 0.04 395
LR-4
La Serrata 
Section
431 0.08 0.01 0.17 0.76 213 950 0.06 415
SuOv Well 439 20.57 9.32 165.05 3.15 802 15 0.05 417
La Serrata
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Figure 52: Results of Rock-Eval pyrolysis corresponding to previous data (Permanyer et al., 1994(*) and Jorge, 2014 (^)). 
 
Figure 53: This table shows the results of Rock – Eval pyrolysis of the studied samples from Gafares section. There are no positive results of organic matter presence in this 
section.  
 
Zone Sample Ref Well/Outcrop
Height in 
series
TOC S1 S2 S3 HI OI TPI Tmax
m %wt mg HC/g rock mg HC/g rock
mg CO2/g 
rock
mg HC/g 
Org.C
mg CO2/g 
Org.C
S1/(S1+S2) ºC
LC-4 (*) Well n/a 20.4 6.4 151.2 4 743 20 0.04 419
LC-108 (*) Well n/a 19.6 6.3 150.7 4.3 770 22 0.04 421
LC-109 (*) Well n/a 17.8 16.6 119.5 4.8 671 26 0.12 409
LC-104 (*) Well n/a 20 12.8 149.2 3.2 750 16 0.08 422
LC-73 (*) Well n/a 22.1 16.4 183.5 3.3 830 14 0.08 418
L3-97 (^)  Well 97.2 (depth) 3.2 0.8 10.9 1.6 335 48 0.07 419
La Serrata
Zone Sample Ref Well/Outcrop
Height in 
series
TOC S1 S2 S3 HI OI TPI Tmax
m %wt mg HC/g rock mg HC/g rock
mg CO2/g 
rock
mg HC/g 
Org.C
mg CO2/g 
Org.C
S1/(S1+S2) ºC
GF-2
Gafares 
Section
243 0,18 0,05 0,29 5,26 161 2922 0,15 412
GF-3
Gafares 
Section
n/a 0,12 0,02 0,09 2,69 75 2242 0,18 416
GF-4
Gafares 
Section
n/a 0,21 0,02 0,19 6,3 90 3000 0,1 409
GF-5
Gafares 
Section
n/a 0,11 0,02 0,12 3,17 109 2882 0,14 403
GF-7
Gafares 
Section
306 0,12 0,02 0,12 3,53 100 2942 0,14 424
Gafares
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Figure 54: This table shows the results of Rock-Eval pyrolysis of the studied samples from Híjar section. In addition, there are some previous data H1 (^) and H2 (^) from 
(Jorge, 2014) that has been included.  
 
 
 
 
 
 
 
 
Zone Sample Ref Well/Outcrop
Height in 
series
TOC S1 S2 S3 HI OI TPI Tmax
m %wt mg HC/g rock mg HC/g rock
mg CO2/g 
rock
mg HC/g 
Org.C
mg CO2/g 
Org.C
S1/(S1+S2) ºC
HIJ-1 Híjar Section 590 0,07 0,01 0,23 0,48 329 686 0,04 430
HIJ-3 Híjar Section 623 1,1 0,14 4,15 2,86 377 260 0,03 429
HIJ-6 Híjar Section 624 6,32 2,21 45,9 3,11 726 49 0,05 429
HIJ-7 Híjar Section 625 0,22 0,03 1,23 0,65 559 295 0,02 439
H1 (^) Híjar Section n/a 4,4 1,73 37,6 2,97 698 87 0,04 427
H2 (^) Híjar Section n/a 0,6 0,79 15,2 2,31 705 289 0,05 426
Híjar
77 
 
 
 
 
8.1.1. Organic Matter Type 
 
In order to analyze the organic matter type of the studied samples, the Hydrogen Index 
(HI) values and the oxygen index (OI) values of the samples has been represented in the 
following Van Krevelen diagram (Fig. 55). Only the samples which contain a certain 
amount of total organic carbon (TOC) have been taken into account.  
The samples from La Serrata section present Hydrogen Index values ranging from 335 
mg HC/g org C to 830 HC/g org. C indicating a type I-II. Because of the high sulphur 
content of these sediments up to 16% (Permanyer at al., 1994; Jorge, 2014), the kerogen 
type can be classified as type I-II-S. Whereas the Hydrogen Index (HI) of the Híjar 
section ranges between 377 mg HC/g org. C  and 726 mg HC/g org. C indicating a type 
I-S to type II-S kerogen as well. Besides, some of the samples from both La Serrata and 
Híjar sections, present high oxygen index (OI) values involving a more oxidized stage  
These results are related to very euxinic environments, which concentrated a huge 
content of organic matter during its sedimentation. Consequently, all can be said 
regarding the depositional environment of the organic matter is that it was deposited 
under very restricted conditions. Nevertheless, more accurate explanations about this 
subject will be given later on. 
 
 
Figure 55: The figure shows a modified Van Krevelen diagram with the studied samples. Previous data: 
(Permanyer et al., 1994 (*) and Jorge, 2014 (^)). 
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8.1.2. Maturity Degree 
 
The oil window is located at Tmax values between 435ºC and 470ºC. Then, Tmax 
values below 435ºC indicate an immature organic matter and over 470ºC is located the 
gas window (Espitalié et al., 1985/1986). In this way, the studied samples from both La 
Serrata and Híjar sections present Tmax values between 387ºC and 429 ºC, indicating 
the immaturity  of the organic matter in both basins. Accordingly, maturity degree 
corresponds to the first diagenetic stage. As an additional detail, it is observed that the 
organic matter from Híjar basin is slightly more mature than the organic matter 
encountered in La Serrata (Fig. 56). To conclude, the graphic displayed below, gives 
additional clues about the organic matter type. According to the plotted data, organic 
matter from Híjar section is more likely to be type I-S (lacustrine origin with high 
sulphur content according to Permanyer at al., 1994; Jorge, 2014), whereas samples 
from La Serrata section are distributed between types I-S and II-S kerogen ranges, 
implying a more marine depositional environment with high sulphur content 
(Permanyer at al., 1994; Jorge, 2014). Nevertheless, these evidences are inconclusive to 
obtain reliable orientation regarding the depositional environment of the sediments. 
 
 
Figure 56: HI versus Tmax diagram (Espitalié diagram). The Tmax values of both La Serrata and Híjar 
sections point to an immature organic matter. All values are below 435 ºC. Previous data: (Permanyer et 
al., 1994 (*) and Jorge, 2014 (^)). 
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8.1.3. Remaining (initial) Potential (S2) 
The remaining potential (S2), represents the quantity of hydrocarbons that a source rock 
can generate. S2 depends on factors such as the organic matter type, the preservation 
stage and the maturity degree (Permanyer, 2013). Due to the immaturity of the samples, 
S2 represents the initial potential. The samples collected in both, Lorca and Híjar basins 
present a TOC content up to 22,1% and a potential (S2) up to 183,5 (mg HC/ g rock), 
(Fig. 57). According to Petters & Cassa (1994), based on these TOC and S2 values, the 
oil potential of the studied rocks ranges from high to very high. This makes clear that in 
suitable burial conditions the source rocks of both Lorca and Híjar basins can produce 
an important amount of hydrocarbons. 
 
Figure 57:  This figure shows the remaining potential (S2) (mg HC/ g rock). The oil potential is high to 
very high. The source rock has not generated many hydrocarbons but it can generate a lot. Previous 
data: (Permanyer et al., 1994 (*) and Jorge, 2014 (^)). 
 
8.1.4. Free Hydrocarbons content (S1) 
The S1 values refer to the free hydrocarbons present in the source rock. Factors as 
organic matter type, maturity degree or potential (S2) are critical in the amount of 
hydrocarbons generated. Accordantly, S1 increases with depth and is related to intensity 
of the migration processes (Permanyer, 2013). In this case S1, reach values up to 16,6 
(mg HC/ g rock) in the samples of  the Lorca basin, whereas it reaches 2,21 mg HC/ g 
rock in Híjar basin. Both values are high for such immature samples. This is probably 
due to the high sulphur content which acts as a catalyst during analytical procedure, 
causing an early generation of oil at of 300ºC, which is the oven temperature during S1 
analysis (Espitalié et al., 1985/1986; Aderoju & Bend, 2012).  
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8.2. Fluorescence Microscopy 
 
This section is focused on the microscopy study of the organic matter present in the 
samples by submitting them to blue-violet light. In order to perform this analysis, the 
properties of the macerals are taken into account. Macerals are the petrographic organic 
constituents defined in coals (Hutton, 1991). There are three main groups of macerals: 
 
- Liptinite: Usually composed of cuticle of leaves, spores, pollen, waxes and 
resins, and algae.  It presents fluorescence. 
- Vitrinite: Consisting of vegetal tissues and lignocellulosic gel. In general it does 
not present fluorescence.  
- Inertinite: Typically consisting of intensively oxidized materials mostly burned 
wood or fungi. It does not present fluorescence. 
On this basis, the observation made in this section are especially focused on the 
identification of liptinite elements which show fluorescence colours ranging from pale 
yellow to intense red. In contrast with this, vitrinite and inertinite elements are shown in 
black (Permanyer, 2013). Nevertheless, these latest could be elements from non-organic 
origin. In that case, they will be more accurately identified by electron microscopy in 
further sections (Fig. 58 E). 
 
In any case, some other interesting observations have been made. A noticeable 
lamination is perceived, the reddish to yellowish colors of the different layers, make 
evident the presence of organic matter. It is possible to observe how organic matter 
laminas are adapted to the shape of the authigenic crystals (Fig. 58 C) 
In addition to this, some layers are intensively folded probably owing to seismic 
activity. This would not be strange given the proximity of the Lorca fault (Fig. 58 A, B, 
C). Moreover, most of the foraminifera observed in the Lorca basin samples are of 
marine planktonic origin, which can be related to the development of a high stress 
environment (Corbí et al., 2012). 
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Figure 58: Fluorescence microscopy images. A, B, D (Lorca – La Serrata): The organic matter layers 
are folded because of the seismic activity. C (Lorca – La Serrata): The organic matter laminas are 
adapted to the shape of the crystals. E (Híjar): Dark components which couldn’t be accurately identified.  
F (Lorca – La Serrata): Planktonic foraminifera. The organic matter is folded around.  
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8.3. Electron microscopy 
 
Electron microscopy identifies those elements that have not been previously recognized 
by fluorescence microscopy. This is certainly important as the identification of these 
elements can lead to better interpretations of the origin and depositional environment of 
organic matter. As a general rule, carbon within the organic matter shows a very dark 
color due to the fact that its atomic number is so low. (Z=6) On the contrary, minerals 
containing heavier elements show an intense brightness. Additionally, thanks to an 
Electron Dispersive Spectroscopy (EDS), the chemical composition of the elements has 
been analyzed.  
 
In this way, samples from Lorca basin present a banded appearance affected by folds 
(Fig. 59 A). This alternation of dark to grayish bands, gives an idea of how the organic 
matter is associated to clayey minerals acicularly shaped (Fig. 59 B). Thus, the darker 
layers contain a higher concentration of organic matter than those which are grayer. 
Then, the brightest layers are composed of barite crystals (Barium sulfate BaSO4; Fig. 
59 C). Another point worth mentioning is that most of the identified planktoninc 
foraminifera belong to the species of Globigerinidae (Corbí et al., 2012; Fig. 60 H). 
 
Then, samples collected in Híjar basin, unexpectedly show acicular aragonite crystals. 
Calcium carbonate (CaCO3) in a metastable form, and not only that but crystals have 
also a hollow inside. So it is doubtful whether these crystals are of organic origin (Fig. 
60 D). In contrast to the foraminifera encountered within the samples of Lorca basin, the 
Híjar samples present diatoms, which are very common unicellular algae whose cellular 
wall is composed of silica. One of the assumptions to explain this difference is that the 
sediments from Lorca basin were probably affected by chemical processes which 
partially dissolved diatoms. Furthermore, one of the elements of the sample HIJ-3 that 
could not be identified by means of fluorescence microscopy, (Fig. 58 E) is recognized 
in this section as a wood fragment (Fig. 60 E, F). This terrestrial input enables a more 
lacustrine or proximal interpretation, for the depositional environment in Híjar basin. 
As a final point, the abundance of planktonic foraminifera found in the samples 
collected in Gafares section from Níjar basin, (Fig. 60 G) suggest marine conditions in 
this basin. Nevertheless, no preservation of organic matter is recorded in the 
geochemical analyses.  
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Figure 59: Electron microscopy images. A (Lorca – La Serrata): Intense lamination affected by folds. B 
(Lorca – La Serrata): The organic matter is associated to clayey minerals; the darkest ones contain a 
higher concentration of organic carbon. C (Lorca – La Serrata): The brightest layers are composed of 
barite crystals. D (Híjar): Aragonite needless and diatoms.  
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Figure 60: E (Híjar): Wood fragment, pyrite crystals are contained inside. F (Híjar): Tubular fibrous 
texture of wood. G (Níjar – Gafares): Abundance of planktonic foraminifera. H (Lorca – Well): 
planktoninc foraminifera belong to the species of Globigerinidae (Corbí et al., 2012). 
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8.4. Mineralogy 
X-ray diffraction analyses carried out in some selected levels of each section showed 
the mineralogy associated with the organic-rich sediments as well as presenting the 
proportion in which the minerals are found. 
The samples GF-3, GF-4, GF-5 and GF-7 from Níjar basin, collected in Gafares section 
were analyzed by X-ray difraction. 
The mineralogical composition recognized in all samples is very similar, suggesting a 
depositional environment dominated by carbonates (up to 77 % of calcite in GF-7). 
Additionally, a large fraction of clayey minerals is present as well, (up to 31 % of 
muscovite in GF-4). Moreover, a certain siliciclastic input is perceived (up to 20% of 
quartz in GF-4), which probably was produced owing to the fact that these deposits 
corresponded to a proximal environment, or due to the existence of siliceous-rich 
organisms as diatoms (Fig. 61). Least but not least, a small fraction of gypsum is 
present (up to 8 % in GF-3), probably from diagenetic origin, playing a role of fracture 
filling mineral. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 61: Proportion of non-organic compounds in the sample GF-4 from Níjar basin. A predominance 
of carbonates can be observed. 
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Regarding to mineralogy of Lorca basin, the analyzed samples were: LG-5, LG-6, LG-
8, LG-11 collected in La Serrata section, and the SuOv collected near the sulphur ovens 
(Fig. 62).  
The most abundant mineral found along the deposits of La Serrata section is dolomite 
(CaMg(CO3)2), whose proportion reaches values up to 89 % in LG-8. This mineral is 
associated with environments with bacterial sulfo-reduction. This is an indicator of 
anoxic environments in which bacteria take different elements from oxygen for their 
metabolic processes, in this case sulphur. Therefore, this dolomite would be from 
authigenic origin and commonly findable among organic-rich levels (Arche, 2010). 
Besides, a considerable amount of calcite and quartz are present as well, this last, 
possibly generated from the dilution of siliceous organisms as diatoms, which are very 
common in the studied levels. In addition to this, a significant fraction of clayey 
minerals has been detected in samples from the richest organic matter levels, (up to 30 
% of muscovite in SuOv). As a final point, presence of gypsum has been identified (up 
to 4 % in SuOv), probably from diagenetic origin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62: Proportion of non-organic compounds in the sample LG-5 from Lorca basin. Dolomite is 
abundant in most of the samples indicating a sulfo-reduction environment. 
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To conclude, the X-ray diffraction results obtained from the samples located in Híjar 
basin are presented below (Fig. 63, 64). In this case, the selected samples were: HIJ-1, 
HIJ-4, HIJ-5 and HIJ-7. 
As can be observed, mineralogical composition of Híjar basin is considerably different 
from basins previously studied. This may be due to the fact that this basin, in particular, 
has a more likely lacustrine origin in comparison to Níjar and Lorca basins which are 
probably of marine origin. Consequently, if Híjar basin actually was a lake, the 
mineralogy leads to assume the hypothesis that generation and preservation of organic 
matter within sediments could be related to cycles of rises and falls of the lake water 
level (Arche, 2010). As can be observed in the graphics below, there are two different 
scenarios. The first one (Fig. 63) refers to a high water level stage, in which the 
precipitation of pure carbonates predominated (Magnesium calcite 44 % and calcite 
55%). Whereas a little input of siliciclastics (1 % quartz) indicates a distal setting.  
On the other hand, the second scenario (Fig. 64) refers to low water level stage, in 
which the salinity of the lake increased allowing the precipitation of new mineral 
species as aragonite (59%). In addition to this, the fraction of magnesium calcite and 
calcite considerably decreases, whereas siliciclastic inputs slightly increase (from 1 % to 
5 % quartz).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63: Proportion of non-organic compounds in the sample HIJ-1 from Híjar basin. This 
mineralogical fraction would pertain to a high water level stage of the lake. 
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Figure 64: Proportion of non-organic compounds in the sample HIJ-5 from the Híjar basin. This 
mineralogical fraction would pertain to a low water level stage of the lake. 
 
9. Discussion  
 
9.1. Maturity and oil potential  
 
In general, sedimentary diagenesis is divided into three stages: early diagenesis, 
catagenesis and metagenesis (Tissot & Welte, 1984). The catagenesis corresponds to the 
main phase of oil generation, known as “oil window”, whereas metagenesis is related to 
the gas generation or “gas window”.  
As mentioned in Section 8.1.2., the oil window corresponds to a Tmax between 435ºC 
and 470ºC. The Tmax values below 435ºC indicate an immature organic matter and 
over 470ºC there is the gas window (Espitalié et al., 1985/1986). The Tmax values of 
the studied samples range from 360ºC and 420ºC, suggesting that the studied organic 
matter is immature and is in the first diagenetic stage.  
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Another indicator obtained by Rock-Eval pyrolysis to measure the evolution stage of 
the organic matter is the production index (PI). The PI is an indicator of the amount of 
hydrocarbons that have been produced geologically in relation to the total amount of 
hydrocarbons the sample can produce.  
According to Petters & Cassa, (1994) the PI values of an immature rock should be 
lower than 0,10. A mature rock gives values between 0,10 and 0,40 and above 0,40 the 
source rock is on the gas window. These authors indicate that the PI keeps a relationship 
with the Tmax so when this value is below 435ºC the PI should be equal or less than 
0,10.  
 
The PI value of the studied samples is generally between 0,02 and 0,12, around 0,05 in 
most of the samples. It is worth remembering, that the only samples with a TOC content 
higher than 0,4% wt (highlighted in orange (Fig. 42, 43,44,45) are taken into account.  
However, the same author indicates that some kerogens can have certain characteristics 
altering this relationship. One of these factors is the sulphur. According to Sassen & 
Chinn, (1989), the presence of sulphur produces lowers Tmax values and higher PI than 
should be. 
 
The S1 value, which give the free hydrocarbons present in the rock, is low compared 
with the S2 value (oil potential). This means that the source rock is immature and has 
not generated many hydrocarbons but it can generate a lot. However the S1 value is 
relatively high for such immature samples, mostly in samples from Lorca basin. This is 
also an effect produced by the high sulphur content. This element can produce an early 
generation of oil (Aderoju & Bend, 2012). 
 
During the first stage of the Rock-Eval analysis, in which the free hydrocarbons (S1) are 
volatilized, the oven has a temperature of 300ºC. Probably, because of the high sulphur 
content, some hydrocarbons are generated during this process and are registered as free 
hydrocarbons (S1). This is the same fact that gives a high PI: PI=S1/(S1+S2). If the S1 
value is higher than it should be, the PI too.  
 
On the other hand, according to Espitalié et al., (1985/1986) and Petters & Cassa, 
(1994) from the registered TOC and S2 values, the oil potential of the studied rock is 
excellent, what means that in suitable burial conditions this source rock can generate an 
important amount of hydrocarbons. Finally, another point worth mentioning is, that both 
TOC and S2 values from wells samples are much more higher (up to 22,1 % wt and 
183,5 mg HC/ g rock respectively) than the values from samples collected in surface (up 
to 1.14 % wt and 6.35 mg HC/ g rock respectively). These results are probably due to 
the weathering to which surface samples are submitted.  
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9.2. Sedimentation Conditions 
Not only from the petrological point of view, but also from the results obtained by 
means of geochemistry, microscopy and X-ray diffraction, different sedimentation 
conditions have been described for each of the studied basins.  
 
To begin with, the Gafares section, built up in Níjar basin, shows visual evidences of 
anoxic conditions especially in the topmost stretch, (UAM). Thus, finely laminated 
layers so called paper-shales, have been described in this part of the section. These, are 
a sign of an undisturbed background which could provide anoxic conditions able to 
preserve organic matter. However, although Rock-Eval pyrolysis has not shown 
positive results regarding TOC, electron microscopy observations demonstrate the 
presence of abundant marine planktonic foraminifera (fig. 60 G).  
 
This leads to interpret that, despite the existence of anoxic conditions the organic matter 
was not preserved. So, given that these samples were collected on the surface ground, 
the exposition to weathering could oxidize the organic matter contained within the 
sediments. Therefore, the possibility of finding organic matter in depth cannot be 
discarded. 
 
With regard to Lorca basin, the fieldwork carried out in the surroundings of La Serrata 
section provided evidences of a calm depositional environment which mostly prevailed 
along the middle member of the section. Moreover the high mineralogical percentage of 
dolomite detected through X-ray diffraction, indicates a sulpho-reducing environment, 
which is a signal of anaerobic conditions (Arche, 2010). Accordingly, most of the 
samples submitted to geochemistry analyses were collected in this stretch. 
The S2 and TOC values revealed very high oil potential in the equivalent Tripoli Fm 
deposits of Lorca basin. In view of this, it can be considered as a source rock, which in 
suitable burial conditions could generate an important amount of hydrocarbons. 
Furthermore, both HI and OI values and the high sulphur content (Permanyer at al., 
1994; Jorge, 2014); enable classifying the organic matter from Lorca basin as I-S and II-
S, what means lacustrine or marine origin respectively.  
 
Although geochemistry has not allowed an accurate interpretation about the exact origin 
of this organic matter, microscopy provided interesting data about the foraminifera 
encountered within the samples (fig. 58 F & 60 H), indicating a more likely marine 
origin. Nevertheless, as Permanyer et al., (1994) pointed out, organic matter of the 
Lorca basin was truly amorphous, probably derived from algae and bacteria. 
 
Concerning the lithologies and structures described in Híjar section, they are 
characteristic of a non-disturbed depositional environment. The intense laminated 
paper-shale deposits, whose texture is usually given by the abundance of organic matter, 
are an indicator of good anoxic preservation conditions. Additionally, the TOC, S2 and  
S1 values obtained from Rock-Eval pyrolysis allow qualifying the Híjar sediments as 
good to excellent source rocks. 
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The HI values obtained through Rock-Eval pyrolysis allow classifying samples from 
Híjar as I-S to II-S kerogen type. This organic matter includes high sulphur content (S) 
(Jorge, 2014), and can be of lacustrine (type I) or marine origin (type II). Nevertheless, 
field observations as well as X-ray diffraction analyses point to a lacustrine 
environment controlled by cycles of rises and falls of the water level. In this way, the 
finding of terrestrial elements like acicular aragonite crystals or wood fragments, by 
means of electron microscopy, reinforce the hypothesis of a lacustrine setting in this 
basin. 
 
Taking everything into account, probably the differences concerning the organic matter 
origin and sedimentation conditions between the three basins are due to paleogeography 
of the area and the specific characteristics of each basin. The paleogeography during the 
Late Tortonian to Early Messinian in SE Iberia is shown in figure 65. Accordingly, 
deposits from Níjar basin were deposited in a marine setting opened to the 
Mediterranean, while the oil shales from Lorca basin were deposited in more restrictive 
conditions. Finally, Híjar basin could present a more continental setting due to its inland 
location. Then, the studied oil shales were deposited under marine and/or lacustrine 
conditions, in a euxinic carbonate-evaporitic environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 65: Paleogeography of the SE of Iberia during the Late Tortonian to Early Messinian and the 
location of the main Neogene basins (Corbí et al., 2012 modified).  
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9.3.  Relation with the Mediterranean Basin 
  
The studied materials could contribute to better understanding of the Late Tortonian to 
Early Messinian Mediterranean sedimentation. The description of anoxic events that 
allowed the preservation of organic-rich sediments in marginal Mediterranean basins of 
the SE Spain could be used as an analogue to interpret possible coeval deposits that 
could exist below the Messinian Salt deposited in Central basins during Messinian 
Salinity Crises. As mentioned in Section 5, other Messinian sections have been 
described in other marginal basins of the Mediterranean showing similar rocks of the 
same age and same petrological characteristics. On these backgrounds, this can 
reinforce the hypothesis of a generalized organic-rich sediments deposition throughout 
the Mediterranean, at least in the marginal basins. 
 
Nonetheless, only few studies carried out in Gavdos Island can corroborate the presence 
of organic-rich sediments in other locations in which Tripoli Fm (or other equivalent 
formations) have been described, like the studied in this thesis.  
 
Geochemical analyses conducted in rock samples from Gavdos Island (Greece) by 
Pyliotis et al., (2013) provide interesting results with regard to TOC values. The results 
enabled classifying the organic matter within the sediments of Gavdos as an immature 
source rock with poor to very good oil potential depending on the samples (TOC up to 
4%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 66:  Sedimentation scheme of the Mediterranean basin. The oil shales of the marginal basins are 
indicated, whereas their existence in the central basins is still unknown (Modified by Permanyer et al., 
2013, from Lofi et al., 2011). 
Furthermore, a gas field was discovered after drilling the Messinian Salt in the Eastern 
Mediterranean, (Vandré et al., 2007). Part of this gas is thought to come from a 
Tortonian/Messinian source rock which could be related to the described oil shales.  
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The studied materials in SE Spain were developed in anoxic environments generated in 
marginal Mediterranean basins and could have an equivalent unit in the central parts of 
the Mediterranean Basin (Fig. 66).  
 
Those source rocks generated in marginal basins were only covered by a few hundred 
meters of sediments. This means that they did not reach the burial conditions which 
could allow them maturing and generate hydrocarbons. However, equivalent deposits in 
the deep Mediterranean basin should be covered by over 4000 m of overburden rock, 
and for sure these conditions would mean enough burial and heat flow to generate 
hydrocarbons. 
 
10. Conclusions  
 
The studied organic-rich sediments from SE Spain present different characteristics 
depending on their location. Sediments of the Níjar basin, which were deposited in open 
sea conditions, have not presented considerable TOC values. Whereas, oil shales from 
Lorca basin are assumed to be generated in more restricted conditions allowing a good 
preservation of the organic matter. In the Híjar basin, sediments contain high TOC 
values which seem to be developed in a more lacustrine setting.  
 
The studied organic matter, from both Lorca and Híjar basins, is immature and shows 
very high TOC and S2, which means that the Tripoli Fm equivalent is an excellent 
source rock in these areas. The HI and the high sulphur content leads to classify the 
kerogen in type I-S to II-S.  
 
The petrology and geochemistry has determined an amorphous organic matter probably 
originated from bacteria (the same that resulted in sulphur deposits, at least in Lorca 
basin). The obtained data suggest an undisturbed and anoxic depositional environment 
favoring the accumulation and preservation of organic matter. During the Late 
Tortonian to Early Messinian, these basins were episodically connected to the 
Mediterranean until their final continentalization due to the closure of the Rifian 
corridor and the consequent Mediterranean Sea level fall.  
 
The oil shales of Lorca and Híjar basins are excellent examples of Messinian source 
rocks which could have their equivalent in the deep Mediterranean Basin, below 1-3 km 
thickness of sediments. These conditions should be good conditions to reach enough 
burial and heat flow for the maturation of the organic matter to generate hydrocarbons.  
 
The available data suggest that anoxic events occurred in the Mediterranean basin 
allowed the preservation of organic matter prior to the Messinian Salinity Crisis at 
different basins. This situation represents a new oil exploration challenge in the 
Mediterranean. 
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